We report on an experimental study of the self-organization and phase behavior of hairy-rod -conjugated branched side-chain polyfluorene, poly͓9,9-bis͑2-ethylhexyl͒-fluorene-2,7-diyl͔-i.e., poly͓2,7-͑9,9-bis͑2-ethylhexyl͒fluorene͔ ͑PF2/6͒-as a function of molecular weight ͑M n ͒. The results have been compared to those of phenomenological theory. Samples for which M n = 3 -147 kg/ mol were used. First, the stiffness of PF2 / 6, the assumption of the theory, has been probed by small-angle neutron scattering in solution. Thermogravimetry has been used to show that PF2 / 6 is thermally stable over the conditions studied. Second, the existence of nematic and hexagonal phases has been phenomenologically identified for lower and higher M n ͑LMW, M n Ͻ M n * and HMW, M n Ͼ M n * ͒ regimes, respectively, based on free-energy argument of nematic and hexagonal hairy rods and found to correspond to the experimental x-ray diffraction ͑XRD͒ results for PF2 / 6. By using the lattice parameters of PF2 / 6 as an experimental input, the nematic-hexagonal transition has been predicted in the vicinity of glassification temperature ͑T g ͒ of PF2 / 6. Then, by taking the orientation parts of the free energies into account the nematic-hexagonal transition has been calculated as a function of temperature and M n and a phase diagram has been formed. Below T g of 80°C only ͑frozen͒ nematic phase is observed for M n Ͻ M n * =10 4 g / mol and crystalline hexagonal phase for M n Ͼ M n * . The nematic-hexagonal transition upon heating is observed for the HMW regime depending weakly on M n , being at 140-165°C for M n Ͼ M n * . Third, the phase behavior and structure formation as a function of M n have been probed using powder and fiber XRD and differential scanning calorimetry and reasonable semiquantitative agreement with theory has been found for M n ജ 3 kg/ mol. Fourth, structural characteristics are widely discussed. The nematic phase of LMW materials has been observed to be denser than high-temperature nematic phase of HMW compounds. The hexagonal phase has been found to be paracrystalline in the ͑ab0͒ plane but a genuine crystal meridionally. We also find that all these materials including the shortest 10-mer possess the formerly observed rigid five-helix hairy-rod molecular structure.
I. INTRODUCTION
The general guidelines for the phase behavior of simple mesomorphic macromolecules are well established ͑see, e.g., ͓1-5͔͒. In contrast, the design of self-organized structures ͓6͔ and the understanding of nanoscale ͓7͔ structure-property relationships remain key issues in the research of -conjugated polymers. These polymers are typically sc hairy-rod-like materials ͓8-11͔ consisting of a rigid or wormlike backbone where a dense set of side chains is bonded in a comb-shaped manner, resulting characteristically in liquid crystallinity ͑LC͒. Their mesomorphic behavior may be understood recognizing them as a specific type of block copolymers ͓4͔ that tend to form microphase separated structures: Bare rigid molecules may form a lyotropic phase but the rod coils with long enough segments self-organize to a thermotropic phase where the flexible and rigid parts microphase separate. The block copolymers consisting of flexible backbone and rigid side chains ͓12͔ reveal mesomorphism, too, but it is the rigidity of the backbone that is the molecular vehicle controlling the electronic properties such as the dielectric function ͓13͔ or triplet energies ͓14͔ of -conjugated polymers. Although the structural tailoring of archetype hairy rods, such as poly͑␣, L-glutamate͒ ͓15͔, is far advanced, the work on -conjugated hairy rods is less comprehensive. Substituted poly͑p-phenylene͒s ͑PPP's͒ ͓16-18͔ and poly͑alkylth-iophenes͒ ͑PAT's͒ ͓19-21͔ yet represent archetypes where hairy-rod structure leads to self-organization with enhanced electronic characteristics ͓22,23͔.
Among -conjugated hairy rods, poly͑2,7-fluorenes͒ ͑PF's͒ ͓24͔ have emerged as the most promising materials for applications. As a rule they exhibit LC, rendering facile uniaxial orientation which results in the emission of linearly polarized light, when used in polarizing light-emitting diodes ͑LED's͒ ͓25͔, and increase mobility when utilized in thinfilm transistors ͑TFT's͒ ͓26,27͔. Altogether their chemical and molecular structure ͓24͔, intermolecular selforganization ͓28͔, overall alignment ͓26͔, and larger-scale morphology in films and at interfaces ͓29,30͔ as well as thermal history ͓31,32͔ and casting solvent ͓33͔ determine their optoelectronic performance and should be optimized in a concerted manner.
Apart from PF's with linear side chains, especially poly(9,9-͑di-n , n-octylfluorene͒) ͑PF8͒ ͓34,35͔, a branched side chain poly(9,9-bis͑2-ethylhexyl͒-fluorene-2,7-diyl) ͑PF2/6͒ ͓36,37͔ is particularly interesting. Its simple chemical structure and excellent stability allow its straightforward use as a theoretical and experimental model molecule in structural work. Yet it is far more than a structural "model," revealing high hole-transport mobility and high photoluminescence ͑PL͒ and electroluminescence ͑EL͒ quantum yields. Emission in the blue region of the spectrum, tunable by energy transfer to dopants ͓38-40͔, and facile overall alignment put forward its use in thin-film devices such as polarized ͓29,36,41͔ or all-polymeric white LED's ͓40͔. PF2 / 6 is important also from the fundamental photophysical point of view showing, e.g., measurable long-lived electrophosphorescence and delayed EL at low temperature ͓42͔. The structure of PF2 / 6 has been studied by Lieser et al. ͓43͔ who found that PF2 / 6 is a five-helical molecule with hexagonal phase. The structure-temperature relation of PF2 / 6 is currently being studied by Tanto et al. ͓32͔ who find that PF2 / 6 is disordered after synthesis but annealing up to the glass transition temperature ͑T g ͒ initiates the structure towards the hexagonal phase and that the annealing-cooling cycle greatly improves the crystallite size while optical spectroscopy resolves subtle changes. These authors also find both 5 / 2-and 5 / 1-helices energetically possible and the side chains disordered and perpendicular to the helices.
The molecular weight ͑M n ͒ is known to influence the structure formation of -conjugated hairy rods such as PPP ͓18͔. The effect of M n of poly͑3-octylthiophene͒ ͓44͔ or poly͑3-hexylthiophene͒ ͑P3HT͒ ͓45,46͔ in TFT's, poly͑9,9-dioctylfluorene-co-benzothiadiazole͒ ͑F8BT͒ in photovoltaic devices ͓47͔, or PF8 in LED's ͓48,49͔ has been studied. These reports deal with M n of PF from the optoelectronic performance point of view, whereas Papadopoulos et al. ͓50͔ reported the influence of M n on the molecular dynamics and glass transition of PF8 and analogous oligomers and Banach et al. ͓51͔ that on thermotropic alignment of F8BT. These authors used a M n range of M n = 62-129 kg/ mol and concluded that the degree of alignment is a function of M n and limited both by viscosity and, in particular, by the formation of an equilibrium ͑macroscopic͒ multidomain structure ͓51͔.
On the other hand, we have recently studied the structure formation of PF2 / 6 ͓52-54͔ and found a hexagonal phase in axially and in-plane aligned thin films ͓52͔ for high-M n PF2/6 ͑M n = 147 kg/ mol͒ and a considerable increase in the degree of alignment accompanied by the loss of order in the ͑ab0͒ plane, a nematic phase, for low-M n PF2/6 ͑M n = 7.6 kg/ mol͒ ͓53-55͔. Like F8BT ͓51͔, in these films the PF2 / 6 chains are parallel to the substrate in the z direction corresponding to the rubbing direction of the under layer polyimide. However, high-M n PF2 / 6 reveals two kinds of coexistent hexagonal crystallites, where the greater proportion of the crystallites have one crystal axis a perpendicular to the substrate surface, whereas a smaller proportion is aligned with the crystal axis a parallel to surface. Similar phenomena in -conjugated polymers have been found only for stretch-aligned poly͑p-phenylenevinylene͒ ͑PPV͒ ͓56͔ and in-plane aligned P3HT ͓22,57͔. In addition, monoaxial distributions, sc inverse combs have been found for PAT's ͓58͔. In order to clarify these peculiarities of PF2 / 6 in detail in thin films there is a clear need to systematically study the influence of M n to the phase behavior of PF2 / 6 starting from the bulk.
In this paper, we present an experimental study of phase behavior of PF2 / 6 as a function of M n using a large M n range M n = 2.9-147 kg/ mol and compare the results to phenomenological theory argument. First, the nematic and hexagonal phases, for phenomenological "low" and "high" M n , respectively, have been theoretically identified based on freeenergy considerations in the equilibrium state. These phases have been observed to correspond to our previous qualitative x-ray diffraction ͑XRD͒ observation ͓53͔. Second, the nematic-hexagonal transition has been calculated as a function of M n and T, completing the theoretical semiquantitative phase diagram. In the vicinity of T g ͑ϳ80°C͒, the nematichexagonal transition as a function of M n is seen at M n *
=10
4 g / mol. Upon heating the nematic-hexagonal transition is observed at 140-165°C for M n Ͼ M n * . The predicted phase behavior and structure formation have been probed using powder XRD and differential scanning calorimetry ͑DSC͒ and reasonable semiquantitative agreement with theory has been found. In addition, thermogravimetry ͑TGA͒ and small-angle neutron scattering ͑SANS͒ have been used to probe stability and stiffness, the presumptions of the theory. TGA shows that PF2 / 6 is thermally stable in studied conditions. SANS measurement indicates that PF2 / 6 takes a rodlike conformation of the polymer ͑M n = 92 kg/ mol͒ for 1 -11 mg/ ml solutions which is in agreement with the result in dilute concentration ͑1.7 mg/ ml͒ obtained by Fytas et al. ͓59͔ . The results of the powder XRD are compared to those of fiber XRD and all these materials, including the shortest decamer molecule, are found to reveal the previously found five-helix hairy-rod molecular structure with typical lattice parameters of a = 16.67 Å, and c = 40.40 Å, and c = 39.5 Å for hexagonal and nematic phases, respectively. The hexagonal phase has been found to be paracrystalline and locally highly ordered, revealing a coherence length of at least 300 Å, while the nematic phase shows primarily meridional order. These results form a quantitative framework on how to use M n as a tuning parameter for the phase behavior of PF2 / 6 in bulk and form a basis for understanding how M n influences the thermotropic alignment of PF2 / 6 in films ͑see in our parallel study ͓60͔͒. Unlike Banach et al. ͓51͔ who used a copolymer ͑because of their interest in the good electron transport properties of F8BT͒, we use a simple hairy rod and therefore the results may more easily give general guidelines to other hairy rods.
II. THEORY
The hairy-rod-like polymers ͓11͔ can be discussed using concepts borrowed from the theory of copolymers ͓61,62͔, an approach for which a reasonable experimental resem-blance has been found ͓63͔. Here we apply this treatment further. The model used in theory is depicted in Fig. 1 . We consider a melt of monodisperse rigid rods of length L and diameter d, assuming L ӷ d, and the side chains that are assumed to consist of N beads of volume and a statistical
denotes the number of repeat units of the backbone so that M n = M u M, where M u is the molecular weight of one repeat unit. PF2 / 6 is of course not exactly rigid and therefore its stiffness is probed using SANS in Sec. IV below. The bending of PF2 / 6 can be further addressed but this is not essential in semiquantitative considerations.
Instead of focusing on derivation of the free energies, we will refer to the existing literature on the subject ͓61,62͔ and focus our attention on the essence of the physics behind the phenomena which have been experimentally observed and presented in this paper. We primarily consider nanometerscale intermolecular structure formation, putting less attention on the chemical details and intramolecular order, and denote the nanometer-scale order as "local," making a distinction to the overall alignment and macroscopic morphology. This is the level where the theory is assumed to give reasonable predictions.
In this scheme we have previously shown that hairy rods ͑Fig. 1͒ can form a large number of both theoretically ͓61,62͔ and experimentally ͓63͔ observed phases, but when considering PF2 / 6 as a function of M n , two main options, nematic and hexagonal, are of particular interest. These phases are illustrated in Fig. 2 .
The peculiarities of the transition from the nematic into hexagonal phase of the hairy rods may be understood on the basis of a simple analysis partially presented in our previous publication ͓53͔. In the nematic-hexagonal transition the hairy-rod-like molecules lose their translational freedom, but reduce the interaction free energy when the molecules are fixed in the lattice positions, and we may employ an analysis based on the comparison between the free energies of the observed phases. The free energy of the nematic phase has been estimated as ͓53,61,62͔
where the first and second terms, respectively, correspond to the translational and orientational entropies. Here k B T is a Boltzmann factor, V volume of the sample, c concentration of hairy-rod molecules, f the volume fraction of the backbone in the molecule, and e the Euler number. The quantity ⍀ N describes the degree of overall ͑uniaxial͒ alignment: The smaller it is, the more aligned the system obtained. The hexagonal phase is characterized by negligibly small translational entropy while the interaction between hexagonally ordered molecules becomes important. As described for block copolymers this interaction arises from the inhomogeneous side-chain end distribution. In the case of hairy-rodlike polymers it approximately equals to ͓53,61,62,64͔
where is the volume and l K the Kuhn length of one chain segment, l u the distance between two consecutive grafting points ͑the length of the repeat unit͒, and v 0 the volume of one repeat unit of the hairy rod. Considering Eq. ͑2͒ we obtain the free energy of the hexagonal phase as
Due to incompressibility, the concentration c =1/͑ 0 M͒ for the melt is directly related to M. Equations ͑1͒ and ͑3͒ imply that the higher the M, the more favorable the hexagonal packing is expected to be. The value of M separating nematic and hexagonal phases for given parameters, M * , is estimated from the comparison of the two free energies and reads as
In the previous publication ͓53͔ we assumed both phases to be "equally aligned"-i.e. ⍀ N = ⍀ H -and thus M * independent of the temperature so that
Finally, we want to express M * in terms of experimental molecular weight and multiply Eq. ͑5͒ by the molecular weight of the repeat unit, M u , which implies
The formula ͑4͒ gives us a qualitative understanding about the influence of the systems parameters on the nematic-hexagonal transition, while Eq. ͑6͒ gives a numerical value for experimental use.
All the details of the molecular alignment have been omitted in the above picture. Instead, we assumed a quite high degree of the orientational ordering, ⍀, in both phases. The ⍀ and the order parameter s can be derived from a more detailed analysis ͑for a very fruitful approach to the hairy-rod system see the references of Ballauff ͓8-10͔͒. However, some of its generic features, such as the temperature and the M n dependence, can be estimated by a phenomenological consideration.
Let us describe the hairy-rod molecule as a chain consisting of stiff segments of length l K HR each, where l K HR is the Kuhn length of the hairy rod ͑the superscript HR stands for "hairy rod"͒. In the highly aligned phase at low temperature each segment can fluctuate in the solid angle ⍀ 0 ͓2,3͔
where d is the diameter of the backbone. If T is increased, ⍀ 0 increases, too, and can be expressed as
where C is some phenomenological constant which may be different for different aligned phases and where t = T − T g is the temperature measured from T g . When the Kuhn segments are assumed to align independently, the total orientational configurational space accessible for the chain is
where i = N , H refers to nematic or hexagonal, respectively. Hence,
Finally, Eqs. ͑6͒ and ͑10͒ give us the equation for T versus molecular weight binodal linearized upon t as
͑i.e., the M n at which a hexagonal-nematic transition occurs at low temperatures͒ and where
The constant A incorporates all the phenomenological constants and is the only adjustable parameter which can be estimated form the experimental data as shown in Sec. IV B.
For more accurate phenomenological analysis allowing for an estimation of ⍀'s, see our parallel study of aligned PF2 / 6 films ͓60͔.
III. EXPERIMENT
The preparation of PF2 / 6 ͓24,36͔ ͑Fig. 3͒ has been described in detail elsewhere. Six different M n 's were used and determined using GPC ͑Table I͒. The samples are denoted henceforth as ͑M n / M w ͒10 −3 -PF2 / 6. The end capping can be used to control the M n ͓37͔. The third sample type had a N-di͑4-methyl-phenyl͒aminophenyl end cap while the former two first were phenyl end capped. For SANS measurement, PF2 / 6 was dissolved in deuterated toluene ͑octa-deuterobenzene͒ ͑C 7 D 8 ͒ ͑the degree of deuteration Ͼ99.5%͒ or carbon tetrachloride ͑CCl 4 ͒. Both were supplied by Aldrich. For XRD and thermal measurements they were used as such. To produce fibers for fiber XRD a small piece of PF2 / 6 was annealed at 190°C for 5 min and then quickly drawn into a fiber of 5 mm length and 0.5 mm diameter in approximately 5 sec. The fibers were measured at 130°C, 100°C, and room temperature. Both the bulk polymer and all samples were stored under nitrogen or helium and/or in dark or under yellow light to prevent any photo-oxidation prior to and during measurements ͑except SANS measurement where freshly prepared solutions were employed͒.
The SANS measurements were performed with the smallangle scattering diffractometer "Yellow Submarine" operating on the cold neutron beamline at the Budapest Research Reactor ͑Hungary͒ ͓65͔. A broad q range of 0.008-0.3 Å −1 was covered using two sample-detector distances; acquisition times of several hours were used for each sample at each detector position. The measurements were done at a temperature of 25°C. The scattered neutrons were detected by a two-dimensional ͑2D͒ position-sensitive detector with pixel size 1 ϫ 1 cm 2 and the raw data were azimuthally averaged and grouped to about 30 points equidistant in the magnitude of q. The scattering curves were corrected for the detector sensitivity, the room background, the scattering of the empty cell, and the transmission of the sample and then converted to the absolute intensity scale using the scattering from a 1-mm-thick water sample. The scattering from deuterated toluene was subtracted as a background. The small incoherent scattering due to the protonated polymer could be disregarded. The q values were calibrated using the Bragg peaks of silver behenate ͓66͔.
For comparison, a model of 20 monomer units long PF2 / 6 with rigid 5 / 2-helix conformation was used. This corresponds to PF2 / 6 chains of 20 units whose single-molecular geometry was previously calculated using molecular mechanics in vacuo ͓53͔ ͑Fig. 4͒. No symmetry constraints were applied. Scattering from the atomic model of PF2 / 6 was calculated from spherical harmonic expansion of the scattering amplitude with the largest order of spherical harmonics being L max = 15. The change in scattering contrast caused by the deuterated toluene solvent was taken into account in the scattering length of the nuclei by subtracting the product of the average scattering length density of the solvent ͑0.56591 fm/ Å 3 ͒ and the solvent volume displaced by the atom in question ͑V C = 16.44 Å 3 , V H = 5.15 Å 3 ͒ ͓67͔ from the scattering length of the nucleon ͑b C = 6.6460 fm, b H = −3.7390 fm͒. The data were taken from a Special Feature of Neutron News ͓68͔.
The TGA and DSC measurements were performed using a Perkin-Elmer Pyris 1 TGA with a typical precision of ±0.001 mg and a Perkin-Elmer Pyris 1 DSC, respectively. For DSC the samples were first annealed at 180°C for 10 min. For both techniques dry samples of 1 -8 mg and a sweep rate 10°C / min were used.
Optical micrographs were taken using a Olympus BX51 microscope equipped with crossed polarizers and a Linkam TMS94 hot stage.
Powder and fiber XRD measurements were conducted with a sealed Cu K ␣ tube using the point focus. The beam was monochromatized with a nickel filter and a totally reflecting glass plate. The beam size was reduced with slits to be 0.1 mmϫ 0.5 mm on the sample. The scattering distance was 170 mm and the intensity was measured with a Hi-Star area detector. To obtain a larger q region an image plate ͑Molecular Dynamics͒ was used to detect the fiber XRD data ͑Figs. 7 and 15, and 16͒. The q scale was calibrated using a silver behenate standard ͓66͔. Samples were annealed in situ using a Linkam TMS94 hot stage under nitrogen atmosphere. The coherence length L was estimated using the Scherrer formula L Х / ͑⌬2 cos ͒, where 2 is the scattering angle, assuming the instrumental function negligible.
IV. RESULTS AND DISCUSSION

A. Self-organized structure as a function of molecular weight
The structure of PF2 / 6 has been studied in the solid state using powder ͓32͔ and fiber XRD ͓43͔ as well as in in-plane ͓28͔ and in axially aligned thin films ͓52-54͔ using grazingincidence XRD ͑GIXD͒. There are also ellipsometric studies on the optical constants of in-plane ͓69͔ and uniaxially aligned PF2 / 6 films ͓55͔. Besides PF2 / 6 the structure of PF8 has been studied in fibers ͓34,70͔ and in films ͓28͔ and its chain conformation related photophysics is known in detail ͓71͔.
PF2 / 6 has been shown to have rigid 5 / 2-helical molecular structure forming hexagonal self-organized structure in fibers by Lieser et al. ͓43͔ . Our later modeling and XRD results support that ͓52-54͔ but recently some deviations from the hexagonal cell have been found in bulk and the unit cell has been suggested to be marginally monoclinic with ␥ = 120.4°by Tanto et al. ͓32͔ . More recently, we have qualitatively observed a nematic phase on decreasing M n ͓53,54͔. We note first that the qualitative observation of nematic and hexagonal phases ͓53͔ of hairy-rod polymer is in agreement with the theory presented in Sec. II.
As a prerequisite of the theory the characteristics of solution formation on the nanometer scale in semidilute solution ͑0.1-11 mg/ ml͒ were first probed using SANS, which is used in general for studies of shape and conformations of hairy-rod-like -conjugated polymers in the nanometer scale-i.e., the dimensions which are dealt with in Sec. II. For example, substituted PPP was studied by Zaroslov et al. ͓72͔, ladder PPP by Hickl et al. ͓73͔ , and PPV derivatives by Wang et al. ͓74͔ . SANS studies of PF's are rather scarce but the exception is a SANS study of dilute PF2 / 6 solution by Fytas et al. ͓59͔ . These authors found that PF2 / 6 ͑M n = 55 kg/ mol͒ is rigid in semidilute solution ͑0.95-1.7 mg/ ml͒ where the characteristic distances are of the order of 30 nm or less and found the persistence length to be around 7 nm and cross-sectional diameter of the chain 1.8 nm.
In Fig. 5͑a͒ SANS data of semidilute 92/ 190-PF2 / 6 solutions are displayed in a log-log representation. The scattering curves show a characteristic −1 decay, indicating that PF2 / 6 is mostly stiff in the size range of the observation window, at distances roughly from 2 nm to 60 nm. Deviations from the linear shape of the curves are still visible, indicating some deviations from the stiff behavior. This is better seen in the Kratky plot, Fig. 5͑b͒ . Here, the scattering curve of the 9-mg/ ml sample is shown together with the model curve calculated using an all-atom model of the molecule placed in a homogeneous solvent. The deviation from the linear behavior is attributed to local bending. Our previous publication ͓53͔ displays a 5 / 2-helical wormlike model of 20 repeat units in vacuo ͑Fig. 4͒. In Fig. 5͑b͒ it is seen that the SANS intensity calculated using atomic coordinates of 20 repeat units of that model fits sufficiently well the experimental data. As the nominal length of 92/ 190-PF2 / 6 is of the order of 200 nm, we see a nonrigid, not a finite size polymer molecule. However, we assume that the chain is locally rigid and L ӷ d. On the other hand, it may be assumed that the oligomers are rigid small M n LC's after which the flexibility starts to dominate, a fact which is indeed seen in the relation of orientational order parameter and M n in our parallel paper ͓60͔. Interestingly, the result shown in Fig.  5͑a͒ also suggests that alkyl-substituted PF2 / 6 can be dissolved in an appropriate solvent up to quite high ͑11 mg/ ml͒ concentrations so that its structure is barely altered. The experimental scattering curves of the polymers dissolved in deuterated toluene and CCl 4 were essentially similar, indicating no solvent effect and presumably no sign of interaction between the individual polymer chains.
As a semiquantitative theoretical framework we may next estimate the numerical values of the parameters in Eq. ͑12͒ for PF2 / 6 for the suggested nematic-hexagonal transition as a function of M n . The length of the repeat unit is known from the XRD ͓52͔, l u Ϸ 8 Å ͓4͔. The backbone fraction can be estimated from M n of the backbone of one repeat unit, M n0 bb , and is given by f Ϸ M n0 bb / M n0 = 162/ 388Ϸ 0.4. To estimate we then calculate the total volume occupied by the side chains in one repeat unit, sc = ͑1− f͒ 0 = ͑1− f͒R 2 l u , where R is the radius of cylindrical polymer known from XRD to be as R Ϸ a /2Ϸ 8.3 Å. Thus sc Ϸ 1040 Å 3 . Correspondingly, the volume per monomer is Ϸ sc / ͑number of C atoms͒ = 1040 Å 3 /16Ϸ 65 Å 3 . The Kuhn segment length may be estimated to be that of aliphatic chain, for which l K Ϸ 10 Å ͓3͔. Then, Eq. ͑12͒ yields for PF2 / 6 the transition value M n * Ϸ 10 4 g / mol. The samples for which M n Ͼ M n * are henceforth denoted as "high molecular weight" ͑HMW͒ and those for which M n Ͻ M n * as "low molecular weight" ͑LMW͒ materials. M n * is the threshold value for the nematic-hexagonal transition which should be experimentally observed. First we note that the numerical value of M n * is between the values of the polymers ͑M n = 7.6 and 150 kg/ mol͒ employed in our previous, qualitative work ͓53͔. We point out that this paper deals with the bulk phase without concerning the surface effects but the length of the repeat unit and the diameter of PF2 / 6 can be accurately measured in both bulk ͓32,43,53͔ and thin films ͓28,52-54͔, and the values are slightly altered. In both cases, we get practically the same M n * and thus in the parallel publication ͓60͔ we may rely on the present result when considering the aligned thin PF2 / 6 films.
As an experimental prerequisite all polymers studied were also analyzed using TGA by heating them to 300°C under nitrogen. Figure 6 presents a selection of TGA curves. The mass of all the samples remains essentially constant up to 250°C and some minor changes may occur after that. The weight loss increases slightly on decreasing M n after 200°C. As the largest measured weight loss ͑3/5-PF2/6͒ at 300°C was as low as 0.5%, we conclude the explored PF2 / 6 to be thermally stable over the studied conditions. Because of the photo-oxidation of single repeat units ͑see Hintschich et al. ͓75͔͒, PF's may show keto defects which are seen as a broad yellow PL. It is noteworthy that this yellow PL band is seen already in very low fluorenone content ͑ϳ0.1% of repeat units ͓75͔͒. The samples used have a lower concentration of keto defects than this, and it is expected that they have no effect on general phase behavior. To sum up we assume that PF2 / 6 does not suffer from thermal degradation under inert gas and so far we do not observe characteristic yellow PL the studied materials may not be oxidized either.
In order to study the self-assembled structure, all the samples were then studied using powder XRD measurements and the results obtained turned out to be in surprisingly good agreement with the theoretical prediction. All HMW samples ͑M n ജ 29 kg/ mol͒ have crystalline hexagonal and LC nematic structure at lower and higher temperatures, respectively, shown, for example, in Fig. 7 . The XRD curves have clear 101 and 005 reflections, corresponding to the fivefold helical structure, proposed by Lieser et al. ͓43͔ . It is noteworthy that the annealing cycles substantially increase the crystallite size, as also observed by Tanto et al. ͓32͔. FIG. 5 . ͑a͒ SANS data of 92/ 190-PF2 / 6 in deuterated toluene: 1 mg/ml ͑solid squares͒, 3 mg/ml ͑solid down triangles͒, 5 mg/ml ͑solid spheres͒, 7 mg/ml ͑open squares͒, 9 mg/ml ͑open down triangles͒, and 11 mg/ ml ͑open spheres͒. Solid line is the linear fit for the 11 mg/ ml sample having slope −1. ͑b͒ Kratky plot for the 9 mg/ ml sample. Solid curved line is the model scattering of PF2 / 6 in deuterated toluene ͑see text͒. Note that the model curve is not smeared by the finite experimental resolution. The LMW samples in Fig. 7 , on the other hand, do not form a well-ordered hexagonal crystal. They show only one relatively sharp reflection which is identified as 005, whereas those related to hexagonal packing ͑i.e., 100 and 110͒ appear as broad humps. Thus by decreasing M n below the M n * limit for T ഛ T g we indeed pass the predicted structural nematichexagonal transition and the PF2/6 hairy rods are nematic rather than hexagonal, as illustrated in Fig. 2 . We note that 8/15-PF2/6 may show traces of hexagonal peaks ͑see discussion below͒ but the qualitative difference to HMW materials is significant. The coherence lengths of nematic samples are about 40 Å in the hexagonal direction and of the order of the chain length in the c direction. We assume that LMW samples are still five-helical on the basis of similarities between unit cell dimensions ͑a = 15.9-16.0 Å, c = 38.5-39.5 Å͒. As a helical molecular structure is an indirect phenomenological indication of stiffness, this supports the presumption that LMW samples are rigid and L ӷ d. Hence, Eq. ͑1͒ is assumed to be meaningful. We stress that the chains are still densely packed three per unit cell, actually even more densely ͑73.4 Å 2 / chain͒ than in the HMW samples ͑78.9 Å 2 / chain͒. The nematic state obtained by heating the HMW sample above hexagonal-nematic transition differs from that of LMW sample. In such case we can only see a packing of individual chains and the structure seems much less dense ͑ca. 95 Å 2 / chain͒.
B. Phase behavior as a function of molecular weight
In order to get an idea of phase transitions, all the polymers were studied using DSC by annealing them at 180°C and then by cooling them down to room temperature and by heating them again back to 180°C. PF2/6 was previously studied using DSC by Nothofer ͓76͔ ͑see also Ref. ͓24͔͒ and Grell et al. ͓36͔ . Nothofer used PF2/6 with M n = 122 kg/ mol and reported maxima at 165°C during heating and 132°C during cooling. In his study, the heating curve started to rise at 155°C. Correspondingly, Tanto et al. ͓32͔ observed T g at 80°C and the first-order transition at 165°C during heating and at 132°C during cooling. T g = 80°C was originally estimated using the slight difference in the slope of the curve by Nothofer ͓76͔. We note that the hysteresis in annealing cycles and the difficulty in determining T g are characteristic of PF's.: Banach et al. ͓51͔ saw large hysteresis in their DSC curve of F8BT. Papadopoulos et al. ͓50͔ who studied PF8 and corresponding oligomers reported in turn that T g is obvious for oligomers but nearly impossible to determine for polymer using DSC alone. Figure 8 shows a DSC trace of 147/260-PF2/6 in our study. When the linear base line has been subtracted from the curve in Fig. 8 it reveals an ill-defined kink at somewhat above 80°C, which may be assumed to represent a glass transition. However, we cannot rigorously establish that fact but the kink of the heating cycle at 110-130°C for 147/260-PF2/6 may also be due to a partial recrystallization at T Ͼ T g . Instead, we note that the curve shows peaks at higher T with considerable hysteresis qualitatively corresponding the previous results ͓36,76͔. A sharp endothermic peak during heating at 165°C and corresponding distinctive exothermic peak during cooling at 122°C associated with the heat 9.4 J / g and −3.5 J / g, respectively, are recognized to represent the nematic-hexagonal transition. Figure 9 presents the DSC curve of 3/5-PF2/6 and 8/15-PF2/6. Unlike HMW materials, 3/5-PF2/6 does not show any sharp peaks during slow cycles but a practically featureless DSC curve from 180°C down to −177°C. Upon heating the present data show tiny features at 48 and 71°C, which we cannot yet identify. 8/15-PF2/6 reveals usually a curve similar to 3/5-PF2/6 but the curve shown in Fig. 9 shows a tiny peak at approximately 80°C, which we may interpret either a glass transition or partial recrystallization of highermolecular-weight fractions ͑see the XRD patterns of Fig. 13 and discussion thereinafter͒. We conclude that there is a clear qualitative steplike difference between the behavior of LMW and HMW samples. The sharp peaks observed in the data of HMW samples represent transition between the hexagonal and nematic state and consequently we expect that LMW samples show one-dimensional nanometer-scale structure, nematic or glassy nematic phase essentially at any temperature.
The focus of interest is next put on the region where M n decreases down to the predicted hexagonal-nematic transition value M n * for low temperature. Figure 10 shows the DSC curves of three HMW polymers showing prominent peaks at 99, 116, and 124°C and at 142, 156, and 164°C during cooling and heating, respectively. This indicates that the position of the nematic-hexagonal transition is quite constant for M n Ͼ 62 kg/ mol but decreased when decreasing M n below that. Nothofer ͓76͔ reported a qualitative drop in the first-order phase transitions for a diverse set of PF's and Papadopoulos et al. ͓50͔ reported quantitatively resembling and even a larger drop of the first-order transitions of a wide set of PF8 oligomers and the disappearance of the peak for the lowest oligomers. Their data seem to also indicate slight peak broadening when decreasing the degree of polymerization ͓50͔. We note that PF2/6 ͑Fig. 10͒ shows large peak broadening, too, but the reason for that is unclear. It could be assumed that the nematic-hexagonal transition becomes fuzzier with increasing M n . The system, which is probably very sluggish-i.e., viscous, etc.-might temporarily stick in some metastable states. However, we note that the opposite happens and the lower M n show broader peaks. As the sample size was rather equal and the heating rate equal, this may not be an experimental error but a real effect. Since PF2/6 is rather polydisperse, it may be asked how this influences the transition. We cannot easily estimate this effect on the peak broadening either, because M w / M n of all the samples was quite similar. After all, we interpret that the DSC results show T g at ca. 80°C for all samples of different M n but a distinct lowering of the nematic-hexagonal transition temperature with decreasing M n for HMW PF2/6 samples. These results resemble those of Banach et al. ͓51͔ who observed that T g did not shift considerably while the order-order transition shifted 20°C for F8BT as M n .
While DSC gives us an idea of how M n influences the phase transitions, the phases themselves may be recognized using polarized microscopy and XRD as a function of temperature. The nematic state of 29/68-PF2/6 is illustrated using polarized microscopy in Fig. 11 . Although the hairy rods are discussed in the terms of block copolymers, the transition seen in DSC curves is not an order-disorder transition as seen in archetypical diblock copolymers but rather an order-order transition. No isotropic phase is observed above the transition seen in DSC data but a beautiful birefringence is seen in all conditions ͑Ͻ200°C͒ of PF2/6. Figure 12 shows an example of powder XRD patterns of annealed HMW material as a function of temperature upon very slow cooling ͑0.2°C / min͒. As expected based on the DSC curve ͑Fig. 8͒ a hexagonal phase is seen for T ഛ 160°C and it disappears above that. It is conspicuous that nematic features appear upon the hexagonal-nematic transition and also that the position of the 005 reflection is moved towards a wider scattering angle and the reflection is significantly broadened. Thus, the characteristics of the XRD pattern-i.e., the disappearance of hexagonal peaks and the shape and position of the 005 reflection-of the HMW samples above the hexagonal-nematic transition corresponds qualitatively to those seen in LMW samples ͑cf. Fig. 7͒ . Figure 13 shows the XRD patterns of 8/15-PF2/6, an example of LMW material, as a function of T. Consistently with DSC data, XRD patterns of LMW materials show no distinctive transitions but indicate a nematic or glassy nematic regime at any temperatures studied. We may occasionally see traces of hexagonal structure in the 8/15-PF2/6 sample upon heating ͓Fig. 13͑a͒, at 110-130°C͔, too, probably due to the recrystallization of higher M n fractions but this effect cannot be reproduced easily. Given the relative strength of the scattering intensities they can also be due to a buried metastable phase. These traces were never seen for 3/5-PF2/6. In simple LC's, polydispersity normally leads to a macro phase separation of the long species which form ordered phase from the short ones in the isotropic phase and thus being the case we should also observe coexistence of XRD features of both phases. As optical microscopy suggests that the PF2/6 is not seriously macro phase separated and because these traces may not be easily reproduced, we find that higher-M n fractions do not critically disturb the comparison between experiment and theory where the monodispersity is assumed ͑cf. Sec. II͒. Instead, the higher-weight fractions may contribute to the sharpness of the meridional reflection ͑cf. Fig. 7͒ . Nonetheless, since there is the large difference between the local order in HMW and LMW and hexagonal and nematic samples together with the studied large region in M n and rather large steps in M n between the samples, this aspect may be neglected. The hexagonal-nematic transitions obtained from the DSC and XRD measurements are collected in Table II . We underline that for HMW samples the accurate positions of the nematic-hexagonal transition depend much on the heating rate and the method of determination and we estimate the error to be ±5°C. For instance, for 147/260-PF2/6 we generally observe the transition at 165± 5°C on heating and 150± 5°C on cooling ͑cf. Fig. 12͒ . 92/190-PF2/6 shows an overlap of the transition points between DSC and XRD in heating but the transition determined using XRD upon cooling at 0.2°C / min differs more from that seen upon heating compared to the other samples. So this measurement may contain a larger experimental error that we cannot yet address.
Next, there is a need to give the theoretical counterpart to the Table II . Equation ͑11͒ gives an approximate expression for the hexagonal and nematic phase coexistence line above T g . In the limit T * ϳ T g it predicts the M n at a transition equal to M n * corresponding to Eq. ͑6͒. Next, the correct limit in the case M n ӷ M n0 * can be assured by a corresponding choice of the constant A of Eq. ͑13͒, which can be extracted from the experiment. Finally, the binodal, Eq. ͑11͒, can be seen as a phenomenological interpolation between these limiting cases. As follows from Eq. ͑11͒ the hexagonal-nematic transition temperature for very high M n molecules is T͑M n
As we note that the transition temperature seems to saturate for the higher M n ͑ജ62 kg/ mol͒ we take the maximum of the hexagonal-nematic transition of 147/ 260-PF2/6 based on DSC and XRD ͑ϳ170°C͒ ͑Table II͒ as well as the T g determined by Nothofer ͓76͔ and seen in Fig.  9 ͑80°C͒. Thus, A Ϸ͑170− 80͒°C=90°C. Figure 14 sums up the primary result of this paper: The theoretical phase diagram of PF2/6 as a function of M n ͓Eq. ͑11͔͒ and the compilation of the experimental results presented in Table II : For lower M n 's only the nematic phase is possible above T g . At lower T the nematic-hexagonal transition as a function of M n is seen and hexagonal-nematic transition upon heating is observed for the HMW phase and this transition depends weakly on M n . Despite the simplicity of the theoretical considerations, the results are indeed in surprisingly good agreement with the DSC scans upon heating and the XRD results in spite of the fact that the experiment does not concern monodisperse materials ͑cf. Table I͒ while the theory does.
C. Overall alignment
The phase diagram ͑Fig. 14͒ forms the quantitative starting point when studying thermotropic orientation in PF2/6 films in our parallel report ͓60͔. The importance of the phase diagram of PF2/6 is that in order to form uniaxially wellaligned structures, PF2/6 must be heated up to the nematic regime whose position can be directly read in Fig. 14 for each M n . Besides high local order, such as a LC, PF2/6 is particularly well suited to achieve a high degree of overall alignment and it is reported to align better in films than PF8 ͓24͔.
While the aligned fibers are a good framework for the aligned thin films they naturally make detailed fiber XRD studies and structural considerations possible, too. There are detailed fiber XRD studies of PF8 ͓34,70͔ and PF2/6 ͓43͔, and 147/260-PF2/6 has been shown to form well-aligned fibers ͓43͔. All our samples align well in fibers, which allow careful indexation of HMW hexagonal materials. Figures 15 and 16 present fiber XRD patterns of 92/190-PF2/6 at 130°C and at room temperature, respectively, while Table III displays the reflections shown in Fig. 16 . The following general notes can be made. First, as shown in Fig. 15 the aligned state is well present above the T g . Second, the char- acter of the hexagonal phase is only marginally dependent on the M n and, third, the nematic phase shows consistently smaller c ͑39.5 Å͒ compared to the hexagonal phase ͑c = 40.4 Å͒. Both values are less than a value ͑41.6 Å͒ obtained from our previous molecular mechanics calculated model ͓53͔ but the more advanced determination of Tanto et al. ͓32͔ yields the value c = 40.8 Å, which is in agreement with our experimental result.
Besides the reflections which are consistent with the fivehelix there are a few extra reflections that may not be addressed for the five-helix. Some of these may be indexed quite closely to 002, 007, and 0012 ͑cf. Table III͒ but these should be forbidden for strict helical symmetry. It should be expected that the side chains do not have fivefold symmetry which would explain these peak. However, the reason why the extra reflections are restricted to these remains partially open. The five-helical PF2/6 does not possess the symmetry which is required for genuine crystalline structure.
The inset of Fig. 16 shows that the peak widths of reflections in different directions behave differently as a function of scattering angle. Those along fiber axis stay sharp, indicating true crystalline order ͑crystalline size 200 Å͒. In the hexagonal direction the order is likened to paracrystalline and the peak broadening scales as q 2 . The limiting coherence length is 300 Å, indicating high local lateral order. The local order of PF2/6 compares well to any other LC -conjugated covalent, such as PAT's ͓6,57͔. The reflections with mixed indices are weak and invariably broader.
V. CONCLUSIONS
In conclusion, an investigation has been conducted to clarify the structure formation and phase behavior of PF2/6 as a function of M n . PF2/6 was selected because it is both a good choice as a model hairy rod for theory and experiment and simultaneously a useful polymer in applications of molecular electronics and thin-film devices. Using DSC and XRD combined the M n -dependent phase diagram of melt PF2/6 has been addressed. It has been compared to that of the free-energy argument of hairy rods. This forms one aspect when optimizing thermotropically aligned PF2/6 films.
First, as a prerequisite of the work, the thermal stability of PF2/6 has been studied using TGA and the stiffness using SANS. The scattering curve was compared to the theoretical model of a single 20-mer embedded in featureless deuterated toluene. PF2/6 has been found to be thermally stable in the studied conditions and reasonably stiff to be phenomenologically understood in the terms of rigid rods at distances of the order of 2 -60 nm.
Second, the phase behavior has been discussed based on a free-energy treatment and accounting for the orientation part of the free energies of the nematic and hexagonal phases. As a result of a simple semiquantitative analysis, the nematichexagonal transition has been identified as a function of M n for T ജ T g and a theoretical phase diagram has been formed for PF2/6 with M n = 3 -160 kg/ mol and T Ͼ 80°C ϳ T g . At T Ͻ 80°C the nematic-hexagonal transition as a function of M n is seen at M n * =10 4 g / mol, defining the LMW and HMW regimes. The hexagonal-nematic transition upon heating is observed for the HMW regime. This transition depends weakly on M n , being at 140-165°C for M n Ͼ M n * . Third, the phase behavior and structure formation have been probed using XRD and DSC and supported by polarized microscopy and a detailed experimental phase diagram 16 . one-dimensional fiber XRD patterns of 92/ 190 -PF2 / 6 at room temperature. Dotted and dashed lines present the integrated cones ͑with respect to the fiber axis͒ while the solid line shows the scattering along the fibre axis corresponding to the c axis. Inset shows full width at half maxima ͑FWHM͒ of tilted ͑34-80°͒ hkl ͑open spheres͒, hexagonal hk0 ͑open down triangles͒, and meridional ͑fiber axis͒ 00l reflections ͑solid squares͒, respectively, as a function of q 2 . The solid lines are corresponding linear fits.
has been formed and discussed. Reasonable agreement with theory has been found. Fourth, the further details of nematic and hexagonal structures have been explored. The nematic phase of LMW materials has been observed to be denser than the hightemperature nematic phase of HMW compounds. The hexagonal phase has been found to be locally highly ordered, revealing coherence length at least 300 Å, and a large number of reflections are resolved in fiber XRD patterns, indicating paracrystalline rather than genuine crystalline equatorial order. We also find that all these materials including decamer reveal the previously found rigid five-helix hairy-rod-like molecular structure of PF2/6. 
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